It is well known that leading edge sweep has a favorable effect on the cavitation of turbomachines. However, the mechanisms of the improvement have not been made clear.
INTRODUCTION
The effect of inclining the leading edge of a wing to the oncoming flow, called sweep, is familiar to us all from seeing modern high-speed aircraft. Sweep is usually backwards (the angle between the leading edge and the flow is less than 90), but it can be forward as well. The primary effect of sweep in aerodynamics allan@ busumann.thomas.caltech.edu is to forestall the influence of compressibility. Similar problems occur in gas turbine blading described in detail by Wadia et al. (1998) . But in normal industrial practice, the leading edges of conventional pumps often tend to be normal to the oncoming streamlines as seen in a meridional section, i.e., the view of the impeller blades projected onto a radial plane. In that case, we would say there is no sweep; this is a common feature of many pumps. The occurrence of cavitation in liquids causes special problems for pumps and, in many cases, the inlet of a pump is fitted with a special rotor to operate satisfactorily with extensive cavitation and it is usually called an inducer pump This rotor may be an integral part of the main pump to follow or a separate device. Typically, this is an unshrouded rotor with small tip clearance with, as a result, cantilever-mounted blades. Cavitation is a notoriously unsteady phenomenon resulting in highlyfluctuating blade loadings and, as a consequence, most designers have intuitively inclined the blade leading edge backwards (in the meridional plane) to minimize structural and vibration loads on the unsupported leading edge. But there also can be consequences for cavitation performance, as many designers have noticed that such swept-back leading edges are able to operate an lower inlet pressures than radial ones, thereby achieving a lower cavitation number or a higher suction specific speed. In fact, one of us (Cooper, 1973) has patented an impeller design in which the leading edge in the meridional view (see Fig. b ) is highly inclined backwards--or forwards with the blade elements similarly inclined. Most inducer pumps, however, traditionally have blade elements (or blade generators) that are radial or nearly so. Thus, these blades are somewhat like that of a conventional wing. Interestingly enough, experimental measurements on a single foil in cavitating flow have been made (Ihara et al., 1989) in which a simple scaling rule, the same as for compressible flow, collapses the cavitating performance data as a function of See, e.g., the article "Inducer Pumps--An Apercu," ISROMAC IV, section B, page for a recent review of these pumps. Fig. l(b) . The end view of the inducer shown in Fig. (a) shows the leading edge swept backwards or forwards but subtending a relatively large angle.
GEOMETRY OF THE SWEPT CASCADE
The cascade is shown in Fig. 2 ; several views are shown which are needed for clarity. The upper or plan view of the cascade shows straight uncambered blades spaced s apart along the cascade axis (the plane normal to the inducer axis in Fig. (b) ).
The blades are inclined at blade angle fl with respect to this axis.
The leading edges of these blades are shown in the meridional view inclined at angle 3 from what would be a radial line in Fig. ( We will be concerned with the flow velocities and the effective cascade geometry in this cross-flow plane. Before completing the definitions of the cross-flow cascade geometry, let us describe the velocity components. The velocity approaching the inducer seen in Fig. (b) Figure 3 shows the non-cavitating characteristics of the inducers. Nominal incidence angle at the tip (or / tan -] 4) is also shown. As expected, three inducers have nearly the same non-cavitating performance for q > 0.06 (oe < 4 deg). Figure 4 shows the plot of cavity length at the tip 1/s against the cavitation number k for the three inducers. For all inducers and all incidence angles shown, alternate blade cavitation (in which cavity length differs alternately) starts to develop when the cavity length exceeds about 65 % of the spacing s. The cavitation becomes unsteady for the condition with k smaller than that with the data point. These observations agree fairly well with the theoretical findings by Horiguchi et al. (2000) .
In most cases, unsteady cavitation starts to occur when the length of the shorter cavity exceeds 65% of the spacing. As expected, the cavity develops faster for the cases with a larger incidence angle oe. Figure 5 shows the plot of cavity length against k/2oe where oe is the nominal incidence angle at the tip. As expected from linearized analysis, the development of cavity is nearly the same for all the incidence angles. The comparisons among three inducers clearly show that the development of a steady cavity is significantly delayed by giving both forward and backward sweep.
Neglecting all the difference of the cascade geometry in the cross flow plane, the cavity length l/s is replotted against kc/2cc in Fig. 6 . Nominal values at the tip have been used for replotting. We find that the alternate blade cavitation starts to occur kc/2o&.0.9 and it shifts to unsteady cavitation at k./2o&. 0.4. Plot of cavity length against kc/2otc. The present result shows that the delay of cavity development can be explained by the cross-flow effect. The secondary flow caused by the centrifuging of blade boundary layer should be quite different for forward and backward sweep. However, the delay of cavity development is quite the same for forward and backward sweep as shown in Fig. 5 and it can tbe explained by the cross-flow effect as shown in Fig. 6 . This fact shows that the cross-flow effect is more important than the secondary-flow effect caused by fluid viscosity.
It has been shown (Tsujimoto et al., 1998 ) that various kind of unsteady cavitation depends only on the steady cavity length or equivalently on k./2oe.. In this respect, the present correction with k./2oe, explains not only the steady cavity development, but also the onset of unsteady cavitation for k./2c. < 0.4. Table II shows the cascade parameters in the cross flow plane. Comparisons in Fig. 6 have been made by neglecting the difference in the cascade geometry in the cross flow plane. To examine the effect of the geometrical difference, calculations are made by using a singularity method based on a linear closed cavity model (Horiguchi et al., 2000) on thin flat plate cascades. Figure 7 shows the cavity length in the cross flow plane. It is shown that the geometric effects also suppress the development of the cavity when the cavity is shorter than the spacing. Figure 8 compares the exact cavity length in the physical plane estimated from the exact cascade geometry in the cross flow plane with the approximate cavity length estimated from the original cascade geometry in the physical plane. Although the difference in the cascade geometry cannot be ignored, the major effect of sweep comes from the k./2oe, effect. Unfortunately the agreement with The results in Fig. 8 show that the sweep does not affect the cavity development largely for cavities longer than the spacing. This is caused by the canceling of the favorable effects of kc by the deteriorating effects of the cross-flow cascade geometry as shown in Fig. 7 Fig. 9 . The cavity is assumed to start from the end of the leading edge wedge as shown in the figure. Figure 10 shows Fig. (a) mi.e., the projection of the leading edge of the leaned-back blade onto the end view of Fig. (a) is still a radial line) should reap the benefits on the breakdown value of cavitation number computed and plotted in Fig. 10 
